This study aimed to clarify the regulatory mechanism of Mg homeostasis on administration of excessive Mg in rats. Six-week-old male Wistar rats ( n ϭ 30) were fed a Mgdeficient diet (D) or a control diet (M) in addition to which they received subcutaneous injections of saline (S) or additional Mg (M) for 14 d. Feces and urine were collected from the rats for 4 d every week. Between the MS and MM rats and the DS and DM rats, the injection of additional Mg increased Mg retention, but intestinal Mg absorption did not differ. Urinary Mg excretion in the MM rats was significantly greater than that in the MS rats, but fecal Mg excretion did not increase. Mg retention in the DM rats was approximately 30% of that in the MS rats, and urinary Mg excretion did not differ between the 2 groups, although the serum Mg in DM rats was low. There was no significant difference in the femoral Mg between the MM and MS groups. The physiological Mg pool in the bone appears to be limited. Therefore, there is no physiological Mg pool for the storage of excessive Mg, and there appears to be no negative feedback mechanism on intestinal Mg absorption upon administration of excessive Mg in the rats. In conclusion, it appears that the kidney is the only organ that regulates Mg in the body; apart from this, regulatory mechanisms corresponding to the physiological Mg requirement do not exist or are weak.
The nutritional and physiological importance of Mg has already been well established. In 1952, a positive correlation between the rates of death caused by apoplexy and consumption of hard local drinking water was reported by Kobayashi ( 1 ) . Numerous subsequent investigations confirmed that consumption of hard local drinking water decreases hypertension and/or cardiovascular diseases. Mg was finally confirmed to be the most effective element for preventing these diseases. Recently, many studies, including meta-analyses, have proved the above finding ( 2 , 3 ) .
Recently, an epidemiological study showed that dietary Mg lowered the risk of type 2 diabetes ( 4 ). Furthermore, other researchers observed that Mg intake was inversely related to the prevalence of metabolic syndromes ( 5 , 6 ) . Thus, dietary Mg is important for preventing various lifestyle-related diseases such as hypertension, cardiovascular diseases, and diabetes.
However, details of Mg metabolism have not been adequately clarified thus far. The Mg and calcium (Ca) concentrations in the serum are usually maintained within a narrow range suggesting the existence of certain regulatory mechanisms of physiological Mg homeostasis. However, Saris et al. suggested that there may not be any hormonal regulation of Mg metabolism and that renal excretion is the main regulatory mechanism of Mg homeostasis ( 7 ) . Moreover, previous reports have demonstrated that the nutritional Mg status does not influence intestinal Mg absorption in sheep ( 8 ) or humans ( 9 ) . Therefore, it is believed that intestinal Mg absorption is an unregulated process ( 10 ). Thus, it seems that intestinal absorption only slightly contributes to Mg homeostasis and that the kidney is the only organ involved in maintaining Mg homeostasis.
Recently, TRPM6 ( 11 ), which is a protein-ion channel in the intestinal mucosa, has been found in the kidney and colon ( 12 ) and has a high affinity for Mg. Dietary Mg restriction stimulates TRPM6 expression ( 13 ) . Therefore, TRPM6 may function as a regulatory transporter of Mg in the active feedback system for Mg homeostasis. However, how TRPM6 relates to the feedback system in some other cases such as different Mg levels in diets, age, and species of experimental animals is still unclear.
This study aimed to clarify whether a negative feedback on intestinal Mg absorption exists in rats orally as well as subcutaneously administered excessive Mg and to investigate the physiological characteristics of the body Mg pool in detail.
MATERIALS AND METHODS

Animals and diets. Thirty 6-wk-old male Wistar
Hannover GALAS rats (CLEA Japan, Inc., Tokyo, Japan) were housed in individual stainless-steel metabolic cages with wire-mesh bottoms in a temperature-and humidity-controlled room (temperature, 25˚C and relative humidity, 55%) with a 12-h light/dark cycle. This study was approved by the Animal Management Committee of Josai International University, and the rats were maintained in accordance with its guidelines for the care and use of laboratory animals.
The rats were fed 1 of 2 experimental diets, a control diet and a Mg-deficient diet, which were based on the AIN-93G formulation ( 14 ) . The compositions of the 2 experimental diets are shown in Table 1 . The Mg concentration of the control and the Mg-deficient diets were 695 and 20 mg/kg, respectively. The rats were allowed free access to the experimental diets and deionized water.
Experimental design. The rats were fed a diet of laboratory chow (CE-2, CLEA Japan) for 3 d to allow adaptation, following which they were fasted for 1 d. They were divided into 4 experimental groups with 7-8 rats in each group. All the rats were subcutaneously injected with MgCl 2 solution (0.5 mL of 3 mg Mg; Wako Pure Chemical Industries, Ltd., Osaka, Japan) or saline twice daily. They were fed a control diet (M) or a Mgdeficient diet (D) and received subcutaneous injections of saline (S) or MgCl 2 solution (M) for 14 d. Thus, the rats were divided into the following 4 groups depending on the diet and subcutaneous injection they received: DS, DM, MS, and MM. For the assessment of Mg absorption and retention, feces and urine samples were collected over 2 periods of 4 consecutive days (period 1 started on the third day of the experiment and period 2, on the tenth day of the experiment), and pooled for each period.
On the final day of the experiment, all the rats were anesthetized with diethyl ether. After laparotomy, whole blood was collected by abdominal vein puncture, and the rats were killed. The blood was stored on ice until centrifugation to obtain serum (2,500 rpm at 4˚C, 10 min). The right femur was cleaned of adjacent tissue and weighed. The serum and the femur were stored at Ϫ 20˚C until analyses.
Mg balance. The feces were dried, weighed, and milled. The powdered fecal and urine samples were used for Mg analysis. The absorption and retention of Mg were calculated by the following formula.
Absorption (mg/d) ϭ intake Ϫ fecal excretion Absorptivity (%) ϭ absorption/intake ϫ 100 Retention (mg/d) ϭ (absorption ϩ injected Mg) Ϫ urinary excretion Retentivity (%) ϭ retention/(intake ϩ injected Mg) ϫ 100 Analytical procedures. The Mg contents in the diets, feces, urine, and right femur were quantified using an inductively coupled plasma emission spectrometer (ICPS-7000; Shimadzu, Kyoto, Japan). Whole bones, approximately 500 mg of the diets, approximately 100 mg of the feces, and 1 mL of the urine samples were ashed by heating at 550˚C for 24 h. The ashed samples were dissolved in 3 mL HCl solution (1 mol/L) and further appropriately diluted with HCl solution (0.1 mol/L) for atomization. The working standard solution was prepared by diluting MgCl 2 (Wako Pure Table 2 . Total food intake, initial and final body weight, total body weight gain and food efficiency. N AKAYA Y et al. Table 3 . Intake, injection, total administration, fecal excretion, urinary excretion, absorption, absorptivity, retention and retentivity of magnesium (Mg). The statistical analysis was not done, because all the dosage of the rats was the same.
Chemical Industries). The detection limit for Mg was 0.1 mg/L. The serum Mg and Ca concentrations were colorimetrically analyzed with the Mg B-test Wako and Ca Ctest Wako assay kits (Wako Pure Chemical Industries), respectively.
Statistical analysis. Data are expressed as means with their standard deviations (SDs). These were analyzed by one-way or two-way (group and period) analysis of variance (ANOVA), and significant differences among the groups were determined by the TukeyKramer test (SPSS ver. 12.0J; SPSS, Chicago, IL, USA). Differences were considered significant at a p value of Ͻ0.05.
RESULTS
Body weights and food intake
The initial body weights did not vary among the experimental groups ( Table 2 ). The final body weights and total food intake were significantly lower in the DS group than in the MS and MM groups. The total food intake and total body weight gain were significantly lower in the DS group than in the DM group, but no significant differences were observed in the final body weight and food efficiency between the DS rats and DM groups.
Urinary excretion, absorption, and retention of Mg
In period 1, fecal excretion and absorption (mg) of Mg in the rats that were fed the Mg-deficient diet, irrespective of subcutaneous Mg injection, were significantly lower than in those fed the control diet (Table 3) . Urinary Mg excretion was significantly lower in the DS group than in the other 3 groups. In contrast, the urinary Mg excretion was significantly higher in the MM group than in the other 3 groups. Mg retention (mg) increased in order of the DS, DM, MS, and MM groups. However, Mg retentivity (%) was significantly higher in the MS rats than in the other 3 groups.
Most of the results in period 2 showed a similar tendency to those in period 1. However, the food intake in period 2 was significantly lower in the DS group than in the other 3 groups. There was no significant difference in Mg retention between the MS and MM rats in period 2. Further Mg retentivity of the DS group in period 2 did not differ from that of the DM and MM groups.
Blood mineral analysis
Serum Mg levels were significantly lower in the rats fed the Mg-deficient diet than in those fed the control diet (Table 4) . Moreover, serum Mg levels in the DS rats were significantly lower than those in the DM rats. However, serum Ca levels did not differ among the groups.
Femoral Mg content
The femoral Mg contents in the rats fed the Mg-deficient diet were lower than those in the rats fed the control diet (Table 4) . Further, the femoral Mg contents in the DS rats were significantly lower than those in the DM rats. The femoral Ca contents did not differ among the groups.
Relationship between the Mg concentration in the serum and femur
The femoral Mg concentration increased with an increase in the serum Mg concentration up to 2.0 mg/ dL. However, when the Mg concentration exceeded 2.0 mg/dL the femoral Mg concentration reached a plateau (Fig. 1) .
DISCUSSION
Mg homeostasis has been reported to be influenced by both renal excretion and intestinal absorption. Approximately 70% of the total plasma Mg is filtered through the glomerular membrane, and only 3-5% of the filtered Mg is excreted in the urine (7, 15) . Renal Mg excretion is affected by Mg intake (15) or plasma Mg levels (16) . Therefore, it is believed that the primary regulatory system of Mg homeostasis is associated with renal excretion (17) . However, in this study, we attempted to clarify whether a negative feedback on intestinal Mg absorption existed in rats administered excessive Mg and to investigate the physiological characteristics of the body Mg pool. We collected feces and urine at 2 periods to determine whether the change in Ca absorption resulting from growth could affect on Mg absorption in rats, since it has been previously reported that Ca absorption, an effective index of Mg absorption, decreases with growth of the experimental animals (18) . In the present study, the results of Mg absorption and retention obtained in period 2 were similar to those obtained in period 1. Thus, the results of this study suggest that changes due to growth of the experimental animal and its Ca status might not affect Mg absorption and retention.
Urinary Mg excretion in the rats fed the control diet containing a normal concentration of Mg (AIN-93G) with additional subcutaneous Mg injection (MM rats) was higher than that in the rats fed the control diet with subcutaneous saline injection (MS rats). Approximately 90% of the injected Mg was excreted in the urine in MM rats; this value seems equal to the difference in the urinary Mg excretion between the MM and MS rats. Therefore, the injected dose of Mg is excess for the control rats. Furthermore, the absorption of intestinal Mg (mg) from the experimental diets in both the MS and MM rats was approximately the same. These results clearly demonstrate that negative feedback on intestinal Mg absorption upon administration of excess Mg does not exist in rats.
There are 2 pathways of intestinal Mg absorption: the transepithelial route and the paracellular route. The paracellular route of intestinal Mg absorption is considered to be a passive route on the basis of difference between the blood and luminal Mg concentrations. If the blood Mg concentration is higher than the luminal Mg concentration, the basolateral Mg diffuses to the lumen (19) . In the present study, fecal Mg excretion was not affected by subcutaneous Mg injection to the rats fed the Mg-deficient diet. Therefore, 2 hypotheses can be considered from this result. First, under the present experimental conditions, Mg is not transported from the serosal side to the mucosal side on the basis of the difference between the blood and luminal Mg concentrations. Second, Mg, which diffuses to the mucosal side from the serosal side, is reabsorbed via the active transepithelial route, and it may be stimulated by the administration of a Mg-deficient diet. Recently, TRPM6-a Mg transporter-has been found in the kidney and colon (12) . Rondón et al. investigated whether dietary Mg restriction stimulates TRPM6 expression (13) . TRPM6 contributes to the active transepithelial Mg absorption. However, under the present experimental conditions, it is still unknown whether subcutaneous Mg injection stimulates TRPM6. Thus, further studies may be necessary to clarify this.
Previous reports suggest that approximately 50-60% of the Mg in the body is present in bones (7, 17) , and being the major pool in the body, bones may play a role in responding to the physical excess or deficiency of Mg (17, 20) . Indeed, dietary Mg depletion leads to bone Mg loss (21, 22) . In contrast, increase in the dietary Mg induces bone Mg accumulation (21). Martindale and Heaton indicated a linear correlation between the Mg concentrations in the plasma and femur of Mg-deficient and normal rats (23) . In this study, however, plasma Mg levels were limited to 2 points, i.e., low and normal levels. In the present study, a slightly low serum Mg level and a high serum Mg level existed in the DM and MM rats, respectively. Bone Mg content increased with the increase in the amount of Mg administered. However, with regard to the bone Mg content, no significant difference was observed between the rats fed the control diet that did and did not receive subcutaneous Mg injection. Similarly, some researchers reported that increases in dietary Mg within 2-5 times of the normal intake did not increase bone Mg, although a 10-hold increase in the normal Mg intake enhanced bone Mg accumulation (21, 24) . With such a high intake, however, the kidney Mg concentrations also increased. These phenomena suggest that the accumulation of Mg might not specifically occur in the bone. It seems there is no large Mg pool for the storage of excessive Mg, since the size of the physiological Mg pool in the bone is limited.
The serum Mg concentration in the DM rats was significantly lower than that in the MS rats. The amount of Mg retention was lower in the DM rats than in the MS rats. Moreover, femoral Mg concentration was also lower in the DM rats than in the MS rats. These results suggest that the amount of Mg administered to the DM rats was insufficient. The DM rats probably had a mild Mg deficit. However, the urinary Mg excretion in the DM and MS rats was rather similar. These results indicated that the body Mg pool, and probably that in the bone, could not store the excessive Mg administered subcutaneously. A previous study demonstrated that renal Mg excretion is rapidly regulated following a change in the serum Mg concentration in the body (15) . The response of renal Mg excretion is probably faster than that of bone Mg accumulation.
In conclusion, we clearly demonstrated that a negative feedback on intestinal Mg absorption upon administration of excessive Mg does not exist. Physiological Mg pools, including the bone Mg pool, do not rapidly store Mg administered in excess. However, in the present study, except for renal Mg excretion, we could not find any regulatory mechanism of intestinal Mg absorption and the physiological Mg pool.
